Permeable barriers are used for passive remediation of groundwater and can be constructed from a range of materials. The optimal material depends on the types of contaminants and physicochemical parameters present at the site, as well as the hydraulic conductivity, environmental safety, availability, cost and long-term stability of the material itself. The aim of the presented study was to test a number of materials for their ability to remove heavy metals and organic pollutants from 
INTRODUCTION
Pollution generated by industrial activities often causes social, health, and environmental problems, such as the contamination of groundwater by organic and inorganic pollutants. The installation of permeable barriers (PBs) downstream of a contamination plume can remediate affected groundwater more cheaply than the conventional method of excavating the contaminated soil. Furthermore, PBs can passively remediate groundwater and prevent groundwater contamination even in extreme environments (Snape et al. ; Amos & Younger ) . Thus, they are viable alternatives to the established pump-and-treat technology. The main component of a PB is a reactive or sorbent material. However, no single material can remove all types of pollutants. Therefore, a material with the ability to remove the contaminants present at the site in question has to be selected when installing any PB system. Other factors that influence the choice of sorbent include the reactivity, hydraulic conductivity, environmental safety, availability, cost, and long-term stability of the sorbent material itself.
Several materials are commonly used in the construction of PBs. Zero-valent iron (ZVI) is most frequently used, followed by granular activated carbon. Other materials used as sorbents include microorganisms, natural zeolites, peat, phosphates, limestone and amorphous ferric oxide (Richardson & Nicklow ) .
Aliphatic hydrocarbons, which are common pollutants at oil-contaminated sites, can be removed by peat (Guerin et al. , ) , zeolites (Northcott et al. ; Vignola et al. ) , activated carbons (Hornig et al. ) or biologically active barriers (Kao & Wang ; Vesela et al. ) . Polyvalent heavy metals (e.g. Cr, As) can be removed by exposure to ZVI. Redox reactions taking place at the iron surface affect the solubility of the heavy metals, which are then sequestered through precipitation or adsorption on iron oxides (Lee & Wilkin ; Mak & Lo ) . Metals can also be removed by ion-exchange and adsorption on fly ash (González et (Lakatos et al. ) .
In the presented study we evaluated the ability of several PB materials to remove heavy metals and organic pollutants (aliphatic and aromatic hydrocarbons) from groundwater at a 10 ha industrial site in northern Sweden. The soil at the site is also rich in natural organic matter (NOM), particularly fulvic substances, and an adjacent river drains untreated groundwater from the site into the Bothnian Sea. The study is part of a broader project to develop economical and environmentally sustainable methods to prevent the migration of hazardous compounds from both active and abandoned industrial sites.
METHODS
Water with high levels of dissolved metals and organic pollutants was extracted for the sorption experiments from two groundwater wells at a 10 ha industrial site in northern Sweden. Water from both wells was pumped into and mixed in a 1 m 3 tank, which was flushed with an argon-nitrogen gas mixture to prevent oxidation of metal ions. On the first day of each experiment the gas outlet was situated above the water-line; however, for the remainder of the experiment the gas outlet was submerged. The chemical properties of the composite water are summarized in Table 1 Six glass columns (internal diameter 19 cm) were packed with sorbent material. Each column was packed with a 5 cm layer of sand at the bottom, followed by a 40 cm thick layer of a 1:1 mixture of a single sorbent material and sand, and finally a 5 cm layer of sand on top, resulting in an overall bed height of 50 cm. Columns containing mixtures of peat, fly ash and sand (1:1:1) were prepared in a similar manner, with the mixture packed between two layers of sand. The end fittings of the columns contained grooves to distribute the flow evenly and were equipped with a fine metal mesh to keep the sorbent material in place.
The polluted water was pumped through the columns materials (from bottom up) and the pollutant reduction was evaluated. The experiments were conducted using three parallel columns and, thus, two sets of experiments were required, see Figure 1 .
Samples of the percolate were taken out in a sequence representing different liquid to sorbent volume ratios (L/S), i.e. 0, 0.5, 2 and 10. Pump flow through the columns was set at L/S ¼ 1 per 24 hours. Water coming out from the columns was collected in glass bottles which had been flushed with 2 mL of concentrated HCl in an attempt to get a pH of the liquor below 3.5. The water samples were stored in a refrigerator room with a temperature of around
At the end of each experiment, the remaining column content was carefully extracted and four samples were taken (at 10, 20, 30 and 40 cm bed height), for further analysis.
Sample analysis
All collected samples were sent to a commercial laboratory for analysis (Eurofins Environment Sweden, Lidköping, Sweden). The substances measured in liquid samples (ISO 7888:1985) , mercury (ISO 17852:2008) , other metals (ISO 17294-2:2003) and organic pollutants (gas chromatography-mass spectrometry (GC-MS); ISO/EN 17025 accredited). Concentrations of metals and organic pollutants in solid materials were estimated using inductively coupled plasma-atomic emission spectroscopy (ISO 11466:1995) and GC-MS (ISO/EN 17025 accredited), respectively.
Determination of equilibrium adsorption constants
Reference humic acids (HA) and Nordic fulvic acids (FA) were purchased from Sigma-Aldrich, Switzerland, and the International Humic Substance Society, Norway, respectively. These were used to study the equilibrium adsorption of heavy metals and DOC on the various sorbents. Heavy metal salts were added to reference dissolved organic matter solution in their nitrate forms. Adsorption isotherms were measured at 20 W C by varying the sorbent amount from 0.005 to 5.000 g.
Concentration of HA/FA was 100 mg L
À1
. Heavy metal concentration was ca. 100 μg L
. Measurements were conducted in 300-mL glass flasks, filled with 100 mL of FA or HA solution and shaken for 72 hours. Equilibrium adsorption was calculated as follows:
where С 0 and С are the concentrations (mg C L
) of the FA solution before and after the adsorption experiment, V is the solution volume (L), and m is the sorbent mass (g).
Assessment of adsorption characteristics of sorbent samples for adsorption from aqueous solutions of FA was carried out using the Freundlich model:
where K F and n are the Freundlich constants for a given adsorbate and adsorbent at a particular temperature.
RESULTS AND DISCUSSION
The concentrations of organic contaminants were greatly reduced by passing water through columns with the sorbent material (Table 1) . For metals the effect of the treatment is less unequivocal. Especially, fly ash, peat and lignin can act as sources of several of the metals studied. In any case the levels in the treated groundwater were close to, or below, the limits stipulated in drinking water regulations.
Colour, TOC and DOC
The water used in the experiments had a fairly high concentration of total organic matter (ca. 140 mg L 1 TOC). Fulvic substances probably constituted most of the organic matter and colouring agents in the water, since no precipitation was observed after decreasing the pH of the water to 1-2. Fly ash was most effective for colour removal, but sand, iron and peat/fly ash also removed some colour from the water. A substantial increase in the colour of the filtrate was observed during washings of the peat and lignin columns, probably due to elution of water-soluble substances in the material. The colour of the filtrate decreased towards the end of the experiments, suggesting that these soluble components were not replenished by breakdown of the sorbent. These observations correspond well with measurements of TOC and DOC (defined here are as the fraction of TOC that passes through a 0.45 μm filter). DOC constituted more than 90% of the TOC in filtrates from all of the sorbent materials (Table 1) , except peat (72%) and fly ash (58%). Overall, only fly ash and iron were capable of reducing TOC and DOC concentrations below initial concentrations. Filtration through lignin in particular, but also peat, caused an increase in the organic matter content of the water. Although both TOC and DOC decreased over time, the levels remained substantially elevated at the end of the experiment. Therefore, sorbent material based on peat or lignin should be thoroughly rinsed prior to use.
Alkalinity, conductivity and pH
Filtration through fly ash and fly ash/peat increased the pH of the water, while filtration through iron and lignin decreased it (Table 1 ). These observations are consistent with expectations since fly ash is known to raise the pH of water solutions (due to its high CaO content (Ricou et al. ) , while lignin and iron respectively reduce pH via the leaching of organic acids and oxidation of Fe 0 to ferrous and ferric ions followed by precipitation of ferric oxide-hydroxides. Filtration through peat and sand did not affect the pH of the water. Conductivity is a measure of the concentration and charge of ions present in a liquid. Thus, it can indicate changes in pH (OH À and H þ ion concentrations) in water or overall cation/anion concentrations. In experiments with sorbent materials containing fly ash, the increase in pH and elution of metal cations from the fly ash caused an increase in conductivity at the start of the experiment. Conductivity in the filtrate from columns containing iron and lignin also increased over time, most likely due to changes in pH. The filtrates had lower alkalinity than the untreated water at the end of the experiments with all sorbent materials except one, and zero alkalinity in experiments with three sorbent materials: iron, lignin and fly ash/peat. The exception was fly ash, which yielded filtrates with elevated alkalinity throughout the experiment, although it decreased somewhat towards the end.
Reduction in pollutant concentrations
The greatest reduction of pollutant contents occurred during the initial equilibration period. Substantial precipitation of NOM was observed in the water storage tank, despite efforts to prevent aging of the water during storage by creating an inert headspace.
Large proportions of the organic pollutants and metals co-precipitated with the NOM. More than 90% of the pollutants were removed in this process, with the exception of barium (83%), manganese (34%) and cadmium (9%).
The removal of dissolved and suspended pollutants from the equilibrated water sample is described in the following sections.
Metals
Iron and fly ash materials displayed the ability to effectively remove arsenic from water, in accordance with expectations due to the ion-exchange capacity of fly ash and the known ability of arsenic to react with organic substances, forming As-metal-organic complexes (Lin et al. ) . Thus, arsenic can be removed through sorption of NOM onto fly ash. ZVI removes arsenate and arsenite rapidly, by spontaneous adsorption and co-precipitation with Fe(II) and Fe(III) oxides and hydroxides, which are formed during the oxidation of ZVI (Ahn et al. ; Bang et al. ) . These sorbent materials are also effective for manganese and cobalt removal. Wilopo et al. () showed that manganese can be immobilized through adsorption onto ZVI and by precipitation as carbonates.
Lead, chromium and nickel were removed most effectively by sand and sorbents containing fly ash. Sorbents containing fly ash also efficiently removed iron ions, due to precipitation of iron hydroxides under the alkaline conditions created by the fly ash. Not surprisingly, elution of iron was observed after filtration through iron sorbent. An increase of organic matter content after treatment with peat and lignin also led to an increased concentration of iron ions.
The reductive removal of Cr(VI) by Fe 0 occurs via a surface-mediated electron transfer process, in which Cr(VI) is reduced to Cr(III) by the oxidation of Fe (0) 
Organic pollutants
The most abundant organic pollutants were aliphatic hydrocarbons, followed by aromatic hydrocarbons, polycyclic aromatic hydrocarbons and polychlorinated biphenyls. All sorbents reduced levels of the organic contaminants to below the limits of detection, except for small aliphatic hydrocarbons with fewer than eight carbon atoms (24% breakthrough for sand, 29% for iron and 48% for lignin). Thus, fly ash, peat and fly ash/peat were the most effective sorbents for organic pollutant removal.
Characterization of adsorbent materials
Metal concentrations in unused and used filter material from different heights in the columns were also determined.
There was little difference in metal concentrations at different heights, so the results for each column were combined and the mean concentrations were used in comparisons of the sorbent materials (Figure 2 ). In cases where the relative metal concentration exceeded 100%, the metal had been accumulated by the sorbent material. A relative metal concentration of less than 100% indicates that metal had been eluted from the sorbent material. Chromium and vanadium were accumulated by fly ash, whereas other metals were eluted from this material. These observations are similar to findings of Doherty et al. () . Peat materials effectively removed barium, nickel and vanadium. The mixture of peat and fly ash performed better than the individual sorbents, in particular for barium. Several metals (e.g. As, Pb, Cu, Cr, Ni, Mn, Zn, V) eluted from the iron sorbent, due to corrosion and leaching of metal impurities.
The sorption behaviour of DOC and the most important heavy metals was investigated using all materials, except lignin, under static conditions. Lignin was excluded because it showed less promise in column studies. Most of the obtained isotherms were of the III-type (S-shape), according to BET classification, which means that a poly-molecular layer was formed during adsorption (Sing et al. ; Giles et al. ) . It is impossible to describe these using the Langmuir equation that assumes mono-molecular adsorption and the adsorption was therefore fitted to the general Freundlich equation (Equation (2)). The results are presented in Table 3 . Although the Freundlich isotherm equation is empirical, one source (Snoeyink ) showed that K F is related to the capacity of adsorbent for the adsorbate and n is related to the strength of adsorption driving force (energy of adsorption).
Assessing the n coefficients of the Freundlich equation we can conclude that fly ash was the most effective sorbent for DOC and heavy metals. Iron also had promising removal properties. However, peat was the most effective sorbent for barium and zinc. Sand was a weak sorbent under static conditions, in line with the results of the column studies.
CONCLUSIONS
Heavy metals were most effectively removed by sorbents based on fly ash and zero-valent iron, whereas aliphatic compounds were most effectively removed by sorbents based on fly ash and peat. Static sorption studies indicate that fly ash provides the strongest sorption of the tested sorbents. Lignin and peat sorbents leach during filtration, which causes increased TOC concentrations in the groundwater. Therefore, lignin and peat sorbents should be washed prior to use. Aeration seems to be efficient in removing pollutants, especially heavy metals. Remediation of contaminated land at disused industrial sites is often a complex task that requires the use of mixed sorbent materials, or two or more sequential barriers, or sorption combined with aeration.
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